We investigated the predictive value of intra-operative neurophysiological investigations in obstetric brachial plexus injuries. Between January 2005 and June 2011 a total of 32 infants of 206 referred to our unit underwent exploration of the plexus, including neurolysis. The findings from intra-operative electromyography, sensory evoked potentials across the lesion and gross muscular response to stimulation were evaluated. A total of 22 infants underwent neurolysis alone and ten had microsurgical reconstruction. Of the former, one was lost to follow-up, one had glenoplasty and three had subsequent nerve reconstructions. Of the remaining 17 infants with neurolysis, 13 (76%) achieved a modified Mallet score > 13 at a mean age of 3.5 years (0.75 to 6.25). Subluxation or dislocation of the shoulder is a major confounding factor. The positive predictive value and sensitivity of the intra-operative EMG for C5 were 100% and 85.7%, respectively, in infants without concurrent shoulder pathology. The positive and negative predictive values, sensitivity and specificity of the three investigations combined were 77%, 100%, 100% and 57%, respectively.
Infants with obstetric brachial plexus injury (OBPP) who show no clinical recovery within the first few months may have a permanent deformity. [1] [2] [3] [4] Neurophysiological investigations, such as mixed nerve action potential recording and electromyography (EMG), can help to determine the outcome 5 and those with favourable results can be managed conservatively.
The accuracy of neurophysiological investigations in predicting recovery has been reported by Bisinella et al. 5 Their prediction of recovery of a C6 lesion was accurate in 92% of infants compared with 78% for C5, owing to the inability to record nerve action potentials for C5 and the high incidence of secondary shoulder pathology. 5 However, they concentrated on infants with favourable neurophysiological results who had been managed conservatively. Those with unfavourable results and failure of clinical recovery were operated upon but the accuracy of EMG in this group has not been reported. Also, the favourable natural history of recovery of biceps function 1 may have positively biased the accuracy of neurophysiological prediction reported by Bisinella et al. 5 In our practice, in contrast to the growing numbers of reports advocating early nerve grafting irrespective of conductivity in the neuroma, 6 we prefer combining clinical assessment and neurophysiological investigations to improve the accuracy of the evaluation of the neural lesion in neuroma-in-continuity, and thereby help in surgical decision making.
Infants showing other signs of favourable recovery intra-operatively are managed with neurolysis alone, whereas those with unfavourable signs undergo either microsurgical repair or reconstruction. In this study we investigated the prediction of C5 and C6 recovery in a group of infants with OBPP having poor recovery and unfavourable neurophysiology results who underwent exploration with the intention of microsurgical intervention.
Patients and Methods
Infants with OBPP injury referred to the Peripheral Nerve Injury Unit of the Royal National Orthopaedic Hospital, London, are graded using the Narakas classification 7 : group 1, lesion of C5 and C6; group 2, lesion of C5, C6 and C7; group 3, total lesions without Horner's syndrome; and group 4, total palsy and Horner's syndrome. The outcome of the treatment for C5 lesions were evaluated using the modified Mallet score 8 and the outcome of C6 lesions were evaluated using the Gilbert and Raimondi score. 9 The modified Mallet score assesses the ability of the infant to abduct and externally rotate the shoulder, whereas the Gilbert and Raimondi score assesses active flexion and extension of the elbow (Table I) .
Those with poor recovery undergo mixed nerve action potential (NAP) recording and needle EMG. 10 Those with unfavourable results are re-assessed after two months with, if necessary, further neurophysiological studies. If the adverse clinical features and neurophysiological investigations persist, the brachial plexus is explored. At two to three months we also explore babies born by the breech delivery, or those with Narakas Group 4 lesions, many of whom have a complete rupture or avulsion of spinal nerves.
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In 2005, we started to use intra-operative motor nerve stimulation and EMG recording as an aid to decision making. 12 A total of 206 infants with OBPP were referred between January 2005 and June 2011. Of these, 32 underwent exploration of the brachial plexus. There were ten male and 22 female infants, with a mean age at operation of six months (3 to 15). Their mean age at follow-up was 40 months (8 to 75) .
During the exploration, we first relocated the shoulder if there was subluxation or dislocation and carried out neurolysis of the brachial plexus. The infants did not receive intra-operative muscle relaxants. Needle EMG recordings looking for spontaneous activity such as fibrillations and motor unit action potentials from direct motor nerve stimulation were made, together with sensory evoked potential (SEP) at C2. The nerve action potential for C5 and gross muscular response to stimulation were also determined. Following neurolysis, the response to motor stimulation was recorded with a concentric needle from the deltoid and supraspinatus for C5 and from biceps for C6. The action potential from each muscle was recorded at two sites and the best response taken. EMG sampling was undertaken using a concentric needle electrode inserted into each muscle at three different sites. The overall motor unit morphology was assessed qualitatively by passive movement and electrical nerve stimulation. For example, absence of spontaneous activity and normal morphology of motor units would suggest conduction block, which would be favourable. Profuse spontaneous activity and few motor units with polyphasic morphology would suggest unfavourable axonal damage with limited reinnervation. The final decision on whether the neurophysiology was favourable overall was made on the basis of the electrical nerve stimulation and EMG findings together (Table II) . Infants with favourable features underwent neurolysis alone, and those with unfavourable features had nerve reconstruction/grafting.
The intra-operative recordings were analysed by a neurophysiologist (VPM) who was blinded to the outcome. The and outcomes were also compared with the intra-operative neurophysiological findings using the expectation reported by Bisinella et al 5 (Table III) . Our decision to perform neurolysis alone depended on the presence of a combination of favourable prognostic factors. However, we followed these infants closely and were prepared for reconstruction if subsequent recovery was unsatisfactory. Statistical analysis. The results were analysed using the IBM SPSS v21 (SPSS Inc., Chicago, Illinois). Categorical comparisons were carried out using chi-squared (groups achieving Mallet score ≥ 13 and < 13) and Wilcoxon's signed rank test (difference between pre-and intra-operative EMG predictions). Correlation assessments were carried out with Spearman's rho test (Mallet score and prognostic factors). The threshold for statistical significance was set at p < 0.05. Sensitivity, specificity, positive predictive and negative predictive values of the EMG test for each nerve root were also carried out.
Results
Out of 32 infants, 22 had neurolysis alone as the first operation. One infant (Narakas group 4) had recurrent dislocation of the shoulder and underwent glenoplasty. As the outcome cannot yet be confirmed, this infant was excluded from the analysis of C5 lesions. One infant was lost to follow-up and excluded. In ten infants neurotisation of the spinal accessory to the suprascapular nerve was undertaken; two of these also had nerve grafts from C6 to the upper trunk and one had neurotisation of the spinal accessory nerve to the anterior division of the upper trunk.
Of the 20 children in the neurolysis group, 13 achieved a Mallet score ≥ 13 compared with three in the reconstruction group. Although the difference is significant (chi-squared test, p = 0.048), this result does not indicate that neurolysis is superior because C5 nerves with more severe and unfavourable injuries would receive primary reconstruction.
Of the 32 infants, 13 needed relocation of the shoulder as part of the first operation, of whom ten had neurolysis alone. Two had recurrent subluxation while a further three who had neurolysis but did not have subluxation at the primary operation developed late subluxation and dislocation. None of the infants from the reconstruction group developed late shoulder pathology (chi-squared test, p = 0.001).
Three infants with subluxation or dislocation of the shoulder who had neurolysis as primary operation needed subsequent spinal accessory to supraclavicular nerve transfer. One was Narakas type 3 and two were type 4 and, according to pre-operative EMG, two were type B unfavourable and one was type C. However, the intra-operative EMG recruitment pattern improved and post-operatively one EMG was type B unfavourable and the other two were type B favourable, with a good motor response to nerve stimulation for all three. The SEP was diminished in one infant and normal in the other two. We felt that subluxation or dislocation of the shoulder impeded recovery because there was no stable fulcrum for abduction. Therefore, we followed up these three infants and undertook neurotisation of the spinal accessory to suprascapular nerve, as recovery was still not detected after two to three months. It is unclear whether this observation period was too brief, especially as full recovery of C6 nerve and biceps function was observed in two of the infants without neurotisation or grafting of C6. The other had damage to the biceps at birth and needed a subsequent free muscle transfer. Overall, we considered the decision to neurotise to be potentially a confounding rather than determining factor for the accuracy of the prediction. These three infants were therefore also excluded, leaving 17 infants for the analysis and C5 nerve root EMG prediction presented below. The mean Mallet score for these 17 infants was 12.5 (8 to 15). The mean abduction, forward flexion, external rotation and internal rotation were 98° (30° to 160°), 100°( 40° to 150°), 43° (0° to 90°) and 70° (0° to 90°), respectively. The pre-and intra-operative EMGs were significantly different (Wilcoxon's signed ranks test, p = 0.035), but there was no significant correlation between the Narakas type and Mallet score (Spearman's rho, p = 0.714).
Tables IV and V illustrate the intra-operative EMG prediction and its accuracy for C5 in each Narakas group. As there was only one patient with a type C prediction, we combined types B unfavourable and C. The positive predicted case is defined as a favourable lesion with a Mallet score ≥ 13. The prediction value of the EMG is shown in Table V .
The intra-operative EMG correctly identified eight infants with a type B favourable outcome and 8/11 (73% sensitivity) achieved Mallet > 13. The intra-operative EMG identified a type B unfavourable/C lesion in six infants, but only one had Mallet < 13. The positive and negative predictive values were 62% and 25%, respectively.
As also shown by Bisinella et al 5 we found that dislocation of the shoulder significantly influenced the outcome (Table VI) . In the neurolysis group, all seven patients without dislocation had a Mallet outcome > 13, whereas only six of ten patients with dislocation achieved this (chisquared test, p = 0.031).
As shoulder subluxation or dislocation is a major confounding factor, we analysed the prediction in the infants without it and found that in six of seven cases the prediction matched the outcome (Table VII) . The positive predictive value (PPV) was 85.7% (6 of 7), indicating that a positive result predicted by the intra-operative EMG is reasonably accurate if shoulder subluxation/dislocation is absent.
We assessed whether we had made the correct overall clinical decision for C5 lesions. Of 21 infants who had neurolysis, three needed revision nerve transfer/grafting, although this may have been expected as the other intraoperative findings, such as SEP, muscle response and macroscopic appearance of the nerve, were ambiguous Another infant needed subsequent relocation of the shoulder and glenoplasty. Of the remaining 17, four had a Mallet score < 13. The results of the remaining 13 (76%) were as anticipated. Our decision was made by analysing three intra-operative prognostic factors: the EMG, SEP and muscular response to stimulation. We also assessed the severity of the lesion but this generally matches the neurophysiological tests: for example, a rupture with severe scarring and diffuse involvement will also have a poor SEP across the lesion. In order to apply this analytical approach to a mathematical model, we assigned one point to favourable prognostic factors (favourable B EMG, good muscular response, good SEP), half a point to less favourable factors (unfavourable type B, sluggish muscle response and weak SEP) and no points for unfavourable factors (type C, absence of muscle response and SEP). We considered that dislocation of the shoulder is a significant prognostic factor and assigned one negative point if it was present. The points were added and correlated with the Mallet score. There was a significant positive correlation between the points scored and the Mallet grade (Spearman's rho, correlation coefficient 0.724 and p = 0.001, two-tailed). There were also significantly more infants with two or more favourable prognostic factors achieving a Mallet score > 13 (chi-squared test, p = 0.001) (Table VIII) . Although this approach is sensitive and will pick up all those infants with a favourable outcome (Table IX; 100% sensitivity), its positive predictive value (PPV) is only 77%. It is not, therefore, very specific and not all infants with poor prognostic factors will have a poor outcome.
With regard to the accuracy of C6 prediction, of the 32 infants, three underwent nerve reconstruction for C6 (two grafts and one neurotisation) and 29 had neurolysis. For one infant who underwent neurolysis the intra-operative EMG for C6 was measured but not recorded. Another from the neurolysis group needed pectoralis minor muscle transfer for a congenitally damaged biceps. These two infants were excluded, leaving 27 in the neurolysis group. The result of nerve reconstruction was unpredictable and only one infant regained full biceps function (Gilbert and Raimondi score 9 of 5). Conversely, 20 infants in the neurolysis group achieved Raimondi 5. Of note, 19 infants had no biceps movement clinically and four had only a flicker of movement pre-operatively at a mean age of 5.5 months (3 to 15). Only four infants had anti-gravity power pre-operatively.
Using the same method as Bisinella et al 5 the accuracy of the intra-operative C6 prediction is shown in Tables X and XI. A type A or B favourable lesion equates to complete and powerful flexion of the elbow (Gilbert and Raimondi 5), whereas a type B unfavourable or C lesion indicates weak flexion or supination (Gilbert and Raimondi 4). Type B unfavourable and type C were combined for analysis. The prediction matched 67% (18 of 27) of the outcomes (Table X) . The specificity and sensitivity were 42% and 87%, respectively, and the negative and the positive predictive values were 71% and 65%, respectively (Table XI) . reported the strategy for identifying infants with OBPP for surgical exploration. There are two outstanding issues, namely the limited ability to predict the outcome of C5 lesions, and when and which operation is needed.
Ideally, the reliability of prediction of the intra-operative EMG should be compared with the long-term clinical outcome in a cohort of patients who have had no surgical intervention. However, as operative treatment is warranted if other clinical signs and investigations indicate a poor prognosis for spontaneous recovery, this approach cannot be adopted. All infants in our study had poor pre-operative electrophysiological results and a lack of clinical signs of recovery. In the presence of large neuromas the minimum required was neurolysis. We suggest that neurolysis does not alter the natural history of recovery but allows the recovery to happen effectively by removing the external constriction to regenerating nerve fibres. However, once surgical intervention has been performed the natural history of nerve recovery and the prediction of the intra-operative EMG could not be confirmed, other than for those who had neurolysis.
With regard to improving the pre-operative prediction of the outcome of C5 lesions, neurophysiological evaluation might be limited by the difficulty of performing an accurate examination in the newborn, and the inability to record nerve action potentials for C5. The use of intraoperative neurophysiology in OBPP is largely limited to the diagnosis of root avulsions with the accuracy of this technique in predicting prognosis being disappointing. 13, 14 However, several technical and secondary confounding factors may have contributed to these results. König et al 13 reported poor outcomes in five infants undergoing neurolysis because of the presence of recordable NAPs and good muscular response to motor stimulation proximal to the lesion. However, the NAPs were recorded at the infraclavicular brachial plexus rather than our central motor action potential (CMAP) recording, and the mean age of ten months in their series may be too late for neurolysis to be effective. Pondaag et al 14 found that the accuracy of NAP and CMAP registration was matched by the severity of nerve lesions defined by clinical, surgical, radiological and histological criteria. However, although the specificity of absent NAPs and CMAP in predicting a severe lesion was > 90%, the sensitivity was only < 30%. In the study by Pondaag et al, 14 CMAP registration was percutaneous. The needle EMG technique alone in our study has a sensitivity of 73% but a specificity of 17%. We defined a positive outcome as a favourable lesion, in contrast to Pondaag et al, 14 and hence our specificity is equivalent to their sensitivity. However, our study also showed that subluxation or dislocation of the shoulder is a major confounding factor, and removing it improved the sensitivity for C5 to 100% and the PPV to 85.7%. Our approach of combining NAPs, CMAP and gross motor response for assessing C5 conferred a sensitivity of 100%, specificity of 71.4%, PPV of 83% and NPV of 100% in all infants, including those with subluxation or dislocation of the shoulder. The specificity of only 71.4% suggests that the intra-operative neurophysiological investigation was not as optimistic as once thought.
Although epidemiological studies indicate that the current incidence of OBPP is similar to that of 40 years ago, 3 the number of infants with severe OBPP seems to be decreasing, as 37% of infants who underwent C5 repair in the study by Birch et al 1 had Narakas type 4 injury, compared with 18% in our study. The change might reflect an increase in the number of elective Caesarean sections. With the prospect of an increasing incidence of less severe paralysis we believe the decision to reconstruct the superior trunk based on clinical examination alone is no longer acceptable. Clinical evaluation is not sufficiently accurate 15 and infants with a conduction block lasting more than three months have been described. 10 There were significantly more children without shoulder joint pathology who achieved a Mallet score > 13 (p = 0.031) (Table VI) . This highlights the need to treat the shoulder pathology more rigorously.
In all, ten infants had primary subluxation or dislocation of the shoulder at the time of exploration, of which four were Narakas type 2 injuries, four type 3 and two type 4. One worrying and evolving feature is that secondary subluxation of the shoulder only occurred in the neurolysis group (five of 22). This finding will be closely monitored.
In the management of C6 lesions the sensitivity of the EMG for C6 is 87% and the negative predictive value (NPV) 71%. The intra-operative EMG predicted a poor outcome in seven infants with a C6 lesion but good outcomes were achieved. Whereas 74% (20 of 27) of the infants who had neurolysis achieved Raimondi grade 5 biceps function, only one of three infants who had nerve reconstruction recovered to the same level. The remaining seven in the neurolysis group had either grade 3 or 4 function, whereas one of those who underwent nerve reconstruction has no biceps function. This confirms the earlier finding 1 that the prognosis for C6 is generally good, reconstruction less predictable, and the only bad result was seen in those who were repaired. The timing of EMG investigation was not addressed in this study. As pointed out by Bisinella et al, 5 the relationship between EMG and outcome may not be linear. A type B favourable lesion may not necessarily equate to Mallet 13+ or Raimondi 4+. The recovery of an OBPP lesion is a dynamic process and the EMG represents only a snapshot of the state of recovery. It has been suggested that three months may not represent a stable state in OBPP injury, 16 and therefore a type B unfavourable lesion at operation may not necessarily equate with a poor outcome. Further work is needed to define the temporal relationship of EMG recording with the accuracy of prediction.
In conclusion, the decision to limit the operation to neurolysis rather than grafting remains a viable option in infants showing signs of recovery intra-operatively where EMG is useful in predicting C5 nerve recovery. However, its accuracy in predicting the long-term outcome is confounded by secondary shoulder pathology. Nerve action potentials, motor action potentials and gross motor response to nerve stimulation can be used to improve the accuracy of intra-operative decision making. Greater emphasis needs to be placed on the treatment of secondary shoulder pathology in order to improve outcome. Neurolysis alone is preferred for C6 nerve lesions.
